Introduction
About five years ago the semiconductor industry arrived close to the fundamental limits in the scaling down of transistors, mainly due to issue of power dissipation. To continue the exponential scaling up of computing capabilities requires the development of massively parallel architectures, for which optical interconnects are widely recognized as an essential enabling technology. At a higher level, the demand for increased communication bandwidth in large data centers has continued through the past decades, driven by the rise of the Internet. However, the relative expense of discrete optical components used in standard communication links is a challenge for continued bandwidth scaling. Moreover, for on-chip interconnects, seamless integration next to the central processing units is a must. One proposed solution for the two above challenges that has gained attention in recent years is to build integrated photonic circuits on a silicon platform. Leveraging the investments made in complementary metal-oxide-semiconductor (CMOS) fabrication, it is possible to build lowcost, high-complexity systems in silicon that achieve close integration between electronics and photonics. Recent efforts have shown that such platforms can achieve impressive performance with the promise of very low costs and high yield. Luxtera has developed a 25 Gb/s platform, the first one that is fully integrated with CMOS. 1 In this paper, we present the performance of the OpSIS-IME silicon photonics platform. This platform features a host of optimized passive elements such as low-loss grating couplers and waveguides, as well as high-speed active elements including 58 GHz gain-peaked Ge photodetectors, 45 GHz, high-tunability silicon ring modulators and 30 GHz traveling wave Mach-Zehnder modulators. The high bandwidth of the modulators and photodetectors enable the platform to support a data rate of 50 Gb/s per channel and potentially higher. The platform is available to the research community and to private developers as part of the OpSIS-IME multi-project-wafer (MPW) foundry service.
Fabrication
The silicon photonic circuits were fabricated at the Institute of Microelectronics (IME), a research institute of the Agency for Science, Technology and Research (A*STAR). 4 Silicon- on-Insulator (SOI) wafers from Soitec, 8 inches in diameter, with a 220 nm device layer and a 2um buried oxide (BOX) layer were used as a substrate. Three anisotropic etch steps were employed to define silicon heights of 0, 90 nm, 160 nm and 220 nm, which were used to build the grating couplers, rib waveguides and ridge waveguides. Six separate ion implantation steps (p++, p+, p, n++, n+, n) allowed for the design of the modulators and an additional p-type implant in germanium was used to define the anode of the Ge photodetectors. The implants were followed by a rapid thermal anneal (RTA) of 1030 °C for 5 seconds to activate the dopants. Epitaxial germanium-on-silicon was then selectively grown in regions defined by an SiO 2 mask layer up to a height of 500 nm, with a thin buffer layer to avoid excessive dislocations. Ion implantation in the Germanium was followed by annealing at 500 °C for 5 minutes. Finally, contact vias and two levels of Aluminum interconnects were fabricated. A schematic platform cross-section is show in Figure 1 .
Photonic Device Library
The OpSIS-IME device library is composed of a large variety of passive and active devices, of which we select a few to present here. Extensive wafer-scale testing has been conducted to characterize the performance of these devices. Due to the requirements of testing at high speeds, some measurements were done on a smaller set of devices. The average and standard deviation measurements that follow are from cross-wafer testing.
Passive Devices
High performance passive components are essential for building large-scale photonic systems. Grating couplers are used extensively on our platform to couple light on and off chip, in particular because they enable efficient waferscale testing. The library grating coupler uses a single, shallow silicon etch of 60 nm (leaving a 160 nm thick silicon layer). We fabricated and tested non-uniform gratings to better match the diffracted profile with single mode optical fibers. We achieve a cross-wafer average insertion loss of 3.1 dB at 1550 nm with a 1.5 dB bandwidth of 50 nm. Low-loss waveguides were also demonstrated on our platform.
The standard routing waveguide consisting of a 1.2 µm wide rectangular channel was measured to have an average propagation loss of 0.27±0.06 dB/cm. Rib waveguides with 0.5 µm width and 90 nm slab thickness had an average loss of 1.5±0.6 dB/cm.
Photodetector
The platform photodetectors were built using evanescently coupled, Germanium, p-i-n diodes with a 11 µm long section of germanium grown on top of a silicon waveguide. Cross-wafer testing yielded an average responsivity of 0.74±0.13 A/W and a dark current of 4.0±0.9 µA at 2 V reverse bias. Inductive gain peaking based on a spiral metal inductor placed in series with the diode (see Figure 2a) was successfully implemented to enhance the detector bandwidth. 5 The RF performance of the detector was characterized using a Vector Network Analyzer (VNA) driving a high-speed Lithium Niobate modulator and detecting the electrical response from the photodetector. The frequency response of the modulator was calibrated using an ultrafast (70 GHz) commercial photodetector (u2t) and was normalized out of the platform photodetector measurement. The resultant 3dB bandwidth was measured to be 58 GHz, as shown in Figure 2b .
Traveling Wave Modulator
Traveling wave Mach-Zehnder modulators were built with 3 mm active length, lateral PN junction phase shifters and metal GS transmission line electrodes of 33Ω impedance. 6 Use of intermediate p+ and n+ doping reduced the parasitic resistance of the slab.
The net insertion loss of the device, excluding routing and coupling, was measured to be 7 dB. The arms of the modulator are intentionally unbalanced by 100 µm to provide a convenient method of setting the bias point. By applying a DC bias voltage and measuring the spectrum shift, the small signal Vπ was found to be 7V around 0V bias. The bandwidth of each arm was measured individually by driving the arm with the VNA and terminating with a 25Ω resistor. The 3dB bandwidths of both arms were measured to be over 30 GHz with less than 1V bias. The eye diagram at 40GB/s with 0.25V bias and 2.5 Vpp driving voltage is shown in Fig.  3b . Under these conditions 5.1dB extinction ratio was achieved with excess loss (due to modulator biasing) of 1.7dB. Note that the drive voltage listed above is measured at the output of a 50Ω instrument; actual voltages on the device are slightly lower (voltage intake is 67% for a 25Ω termination at low frequencies).
Ring Modulator
Ring modulators with a 12 µm radius were built using 0.5 µm wide rib waveguides and a 90 nm slab thickness. A heavily doped PN junction was used to increase the tuning efficiency. Typical loaded quality factor of 2,800 and free spectral range of 7.65 nm were observed. The small signal tunability was measured to be 28 pm/V by analyzing the spectrum shift as a function of bias voltage. The 3 dB bandwidth was measured by a VNA to be 45 GHz at 0V bias, enabling a 50 Gb/s data rate. It is estimated that these rings will achieve 5dB extinction ratio when driven by a 2.4Vpp signal and when the '1' bit is biased to have 7dB modulation loss.
Optical Isolator Proposal
Finally, we briefly present our proposal for implementing a non-reciprocal device without the need for magneto-optic materials or for other hybrid, non-CMOS-compatible approach. Our design relies on a two-stage Mach-Zehnder modulator with the two sub-units being driven in push-pull mode by a common RF source. Crucially, the two Mach-Zehnders are separated by a dual-arm optical delay line, corresponding to a propagation time of the guided mode equal to a quarter-period of the RF signal. Accordingly, the RF signal driving the modulator on the left (see Figure 5a) is also delayed by a quarterperiod. The result of this configuration is to create a non-reciprocal phase modulation for the two light propagation directions, and the balanced Mach-Zehnder geometry translates the phase into an amplitude modulation. As can be seen in Figure 5b , the simulated transmission between the four ports of the device is indeed clearly non-reciprocal. Using port 1 as an input for a laser, for example, ensures that it is completely shielded from all light incoming from ouput 2 (leading to the system), as can been seen from the red curve in Fig. 5b . 
